The generation of plasmin by plasminogen (Pg) activators (PAs) is a physiologic process in animals that dissolves blood clots and promotes wound healing, blood vessel growth, and the migration of normal and cancerous cells. Pathogenic bacteria have evolved PAs [e.g., streptokinase (SK) and staphylokinase] that exploit the Pg system to infect animals. Animal PAs have a conserved ability to cleave a wide spectrum of animal Pgs, but the ability of bacterial PAs to cleave different animal Pgs is surprisingly restricted. We show that the spectrum of activity of an archetypal bacterial PA (SK) with animal Pgs can be profoundly altered by mutations that affect intermolecular complementarity at sites that participate in complex formation or substrate binding. Comparative sequence analysis of animal plasmins vs. close structural homologues (trypsin and chymotrypsin) that are not molecular targets for invading bacteria indicates that the sites in plasmin that interact with SK are preferentially targeted for mutation. Conversely, intermolecular contact sites in SKs that activate human Pg are more highly conserved than other loci in the molecule or than the same sites in other SKs that activate non-human Pgs. We propose that active modulation of intermolecular complementarity at sites of contact between SK and Pg may represent a competitive evolutionary strategy in a survival battle, whereby animals seek to evade bacterial invasion, and bacteria endeavor to invade their animal hosts.
T he generation of plasmin by plasminogen (Pg) activators (PAs) is a physiologic process in animals that dissolves blood clots and promotes wound healing, blood vessel growth, and the migration of normal and cancerous cells (1, 2) . Plasmin is generated when PAs cleave the Arg-561-Val bond of the proenzyme Pg (3) . Animal PAs (tissue PA and urinary-type PA or urokinase) are serine proteases whose function is tightly regulated by inhibitors, cofactors (fibrin and receptors), and other mechanisms (2) . Although the average overall sequence identity among Pgs is 86 Ϯ 7% (to human Pg), mammalian PAs appear to be able to activate a broad spectrum of animal Pgs, which indicates that these protein-protein interactions are conserved. This conservation of functional protein-protein interactions between molecules may be due to a process of mutual coevolution of interaction partners whereby mutations in one molecule of an interacting pair are constrained by the need to maintain an efficient interaction with the partner (4) (5) (6) .
The molecular pathogenesis of infections is complex (reviewed in ref. 7) . Proteolysis is one factor that facilitates certain types of infections. The broad proteolytic activity of plasmin and the high concentration of Pg in animals make the Pg system an attractive target for pathogenic bacteria to exploit. The generation of plasmin enhances the virulence of certain Streptococcus sp. and other bacteria in animal models of infection (1, (8) (9) (10) (11) (12) . Some bacterial species that bind PA produce the potent prokaryotic Pg activators-streptokinase (SK) and staphylokinase. In contrast to animal PAs, bacterial PAs are enzymatically inert but serve as cofactors with plasmin to produce functional ''activator complexes.'' These bacterial PAs subvert the normal physiologic control mechanisms of the Pg system. For example, SK converts plasmin from an enzyme that cleaves fibrin clots to an enzyme that cleaves Pg (13) . In contrast to the fibrin-and cell-targeted action of animal PAs, SK generates plasmin in solution and, makes plasmin in the SK complex resistant to its major inhibitor ␣ 2 -antiplasmin (13) (14) (15) . To accomplish these functions, the three domains of SK have extensive intermolecular interactions with PA that include: (i) binding and formation of an SK-plasmin enzyme complex that is kinetically distinguishable from plasmin; and (ii) creation of binding site for Pg substrate to be cleaved by the SK-plasmin complex (Fig. 1A) (16) .
Surprisingly, although the ability of their animal PAs to cleave a wide spectrum of animal Pgs (17) has been conserved, the restricted spectrum of function of bacterial PAs with animal Pgs has been a mystery since its initial description 80 years ago (8, (18) (19) (20) (21) (22) (23) . Indeed, the restricted activity of SK with different animal Pgs may explain why streptococcal isolates cause disease only in a limited number of mammalian hosts. Although the basic principles of Pg activation by SK are now known, and the SK-microplasmin complex structure has been solved (16) , the nature and mechanism of species-restricted action of SK are poorly understood. Molecular insights into the mechanism of this species-restricted Pg activation may help elucidate the basis for species-restricted infection and facilitate the design of new blood clot-dissolving drugs.
Materials and Methods
Cloning, Expression, Purification, and Titration of Recombinant Proteins. Recombinant Streptococcus uberis PA (SUPA), SK, SK ␣-SUPA ␤-SK ␥ chimera (SK␤swap), and micro-Pg were cloned, expressed in bacteria, purified, and characterized as described (13, 15, (21) (22) (23) . Human micro-Pg was chimerized at loops 5, 7, 9, and 11 with the corresponding loop sequences of bovine micro-Pg by the PCR with overlap extension by using the following sense and antisense primers, respectively: loop 5-gacaacattttagcgctgtcattctacaaggtcatcctgggtgc and gaatgacagcgctaaaatgttgtccaagcagtgggcagcagtc; loop 7-ccctcacaggcagatattgccttgc and gcaaggcaatatctgcctgtgaggg; loop 9-ggtacttttggagagggccttctcaagg and ccttgagaaggccctctccaaaagtacc; and loop 11-ctggacggaagagtcaagcccaccgaactctgtgc and gactcttccgtccaggtactcgttgcgattgcac. Both strands of the PCR products were sequenced to confirm the target mutations, and the recombinant micro-Pgs were ligated into pET11d for bacterial expression. Recombinant micro-Pgs were purified from inclusion bodies and refolded in 55 mM Tris, pH 8.2, with 10.56 mM NaCl͞0.44 mM KCl͞0.055% polyethylene glycol 3350͞2.2 mM MgCl 2 ͞2.2 mM CaCl 2 ͞550 mM L-arginine͞1 mM reduced glutathione͞0.1 mM oxidized glutathione, as described (24). The purified proteins were then dialyzed in 100 mM Tris, pH 8.0͞10 mM EDTA. Active site titration of Pg, micro-Pg, SK, or SUPA was performed by using the f luorogenic substrate 4-methylumbelliferyl p-guanidinobenzoate (Sigma) to determine the active concentrations of these proteins (22) . SK␤swap was titrated by an indirect method (15) . dihydrochloride (S2251), as described (13, 25) , in an assay buffer (50 mM Tris⅐HCl͞100 mM NaCl, pH 7.4). Equimolar complexes (final concentration 5 nM) were prepared by mixing plasmin or human microplasmin and SK, SUPA, or SK␤swap for 10 min on ice. Plasmins and microplasmins were generated from Pg or micro-Pg by urokinase (1:30 ratio) at 37°C for 20-90 min. The reaction was initiated by addition of enzyme complexes to assay buffer containing S2251 (final concentration 50-1,500 M), in a total volume of 100 l in microtiter plates at 37°C. The generation of amidolytic activity (at 405 nm) was monitored at 37°C for 10 min in a microplate reader (Molecular Devices). Less than 10% of substrate was consumed during the course of the reaction. An 1M at 405 nm of 10,000 was used for p-nitroanilide. The data were plotted as velocity vs. substrate and analyzed by hyperbolic curve fitting as described (26) .
Statistical Methods. The significance of differences between sequence identities was assessed by Student's t-test. A two-tailed probability of Ͻ0.05 was considered significant.
Results and Discussion
SK produced by Streptococcus equisimilis efficiently activated human Pg but few other animal Pgs (Fig. 1B and Table 1) . A similarly restricted pattern of Pg activation was seen with SUPA (or PauA), a newly discovered SK-like PA from a bovine isolate (21, 27, 28) . SUPA optimally activated horse as well as dog and cow Pg but not human or other animal Pgs (Table 1 and Fig. 1C ). In general, these bacterial PAs preferentially activated Pgs from the animal species that were infected by the strain of bacteria that produced them (18) (19) (20) . In contrast, the animal PA urokinase activated all animal Pgs tested (see Table 1 ) (17) .
This restricted ability of SK to activate animal Pgs may arise from a failure of SK to form enzymatically active complexes with other animal plasmins or from an inability of the SK in the complex to process Pg substrate (see Fig. 1 A) . SK formed an active amidolytic complex with human, horse, dog, and cow plasmin with improved affinity (decreased K m ) for a small peptide paranitroanilide substrate (Table 2) . A similar pattern was seen for the interactions of SUPA with cow, horse, dog, and human plasmin. That SK and SUPA formed enzymatically active complexes with other species plasmins indicated that defective complex formation per se was not responsible for speciesrestricted Pg activation.
A crystal structure of Pg substrate bound to the SK-plasmin complex has not been obtained, but previous studies have indicated that the SK ␤ domain plays a central role in processing 
Animal Pgs (300 nM) were activated by various Pg activators (20 nM) at 37°C, and the hydrolysis of the plasmin substrate S-2251 was monitored. Pg activators were considered to activate (ϩ) a given Pg if they produced detectable cleavage of the S-2251 substrate within 60 min of incubation. The remaining Pg activators had trace (ϩ͞Ϫ) or no (Ϫ) detectable activity after 6 hr of incubation with Pg.
Pg substrate (26, 29, 30) . We examined whether speciesrestricted Pg activation may arise from a lack of intermolecular complementarity between the ␤ domain and a particular Pg substrate. A SK␤swap was created by swapping the ␤ domain of SK with the ␤ domain of SUPA. Like SUPA, but unlike SK, SK␤swap gained the ability to activate horse Pg (Fig. 1D) as well as dog Pg. This gain of function provided evidence that Pg activation requires molecular complementarity between the ␤ domains of different SKs and a particular animal Pg substrate. Similar to SK but not to SUPA, the human plasmin-SK␤swap complex also remained an efficient activator of human Pg, providing indirect evidence that the other SK domains also contribute to Pg substrate binding.
Although SK␤swap formed a distinct enzymatic complex with cow plasmin (Table 2) , this complex was unable to process cow Pg substrate (Table 1) . Thus, other factors, such as the intermolecular complementarity between SK and the plasmin moiety in the activator complex, may contribute to species-restricted Pg activation. In the crystal structure, the ␣ and ␥ domains of SK have extensive molecular contacts with the catalytic domain of human plasmin (microplasmin), whereas the ␤ domain has few interactions (16) . The ␣ and ␥ domains contact microplasmin via loops 5, 6, 7, 9, and 11 ( Fig. 2A , loops enumerated according to chymotrypsin numbering system) (16) . Human plasmin has substantial sequence identity with horse and dog plasmin at these loop sites (67% and 75%, respectively; Table 3 ) but weak identity with cow plasmin (25%). If molecular complementarity is a principal determinant of species-restricted Pg activation, chimerization of these loop structures of human microplasmin with the corresponding cow plasmin loop sequences may cause the resulting human microplasmin chimera to ''gain function'' with SUPA. The sequences of loops 5, 6, 7, 9, and 11 in human microplasmin were replaced with the corresponding bovine sequences to create a compound, human microplasmin chimera. Chimeras containing the loop 6 sequence could not be refolded to an active protein (24) . The compound human micro-Pg chimera containing cow plasmin loops 5, 7, 9, 11 was efficiently activated by SUPA, although human microplasmin alone was not (Fig. 2B) . At the same time, unlike human micro-Pg, the compound human micro-Pg chimera lost the ability to be activated by SK (Fig. 2C) . Indeed, SK activity was sensitive to relatively minor changes in the loop sequences of human Pg.
Chimerization of loop 5 of human micro-Pg with the cow loop 5 sequence reduced activity with SK compared with native human micro-Pg (Fig. 2C) . Chimerization of 2 loops (5 and 7) or 3 loops (5, 7, and 11) fully eliminated activity with SK, although these chimeras retained the ability to be activated by urokinase (e.g., Fig. 2C Inset) .
Plasmin has close structural similarity to trypsin and other chymotrypsin-like serine proteases whose loop structures medi- Amidolytic experiments were carried out at 37°C in a total volume of 100 l as described in Materials and Methods. The values represent the mean Ϯ SE.
Fig. 2.
SK-Pg interactions. (A) A ribbon diagram illustrates the crystal structure of human Pg. The loop structures that contact the ␣ and ␥ domains of SK are numbered and colored. This figure was produced by using MOLSCRIPT and RASTER3D (36, 37) . (B and C) Activation of cow Pg, human micro-Pg, and chimeric micro-Pgs by SUPA (B) and SK (C). Human micro-Pg (300 nM), cow Pg (300 nM), and chimeric loop 5, 7, 9, 11 micro-Pg (300 nM) (or other chimeric micro-Pgs) were activated by SK (20 nM) or SUPA, as indicated. Pg activation was monitored as described in Fig. 1 . (Inset) Activation of the loop 5, 7, 9, and 11 chimeric micro-Pg (300 nM) by urokinase (33 nM).
ate substrate specificity in processes such as blood clotting, complement activation, and food digestion (24, 31) . Among these proteases, plasmin may be subject to unique evolutionary pressures, because it serves roles critical to the survival of both animals and their pathogenic bacteria. Animal survival requires conservation of molecular interactions between animal Pg and PAs as well as other regulatory molecules. At the same time, animal survival or resistance to bacterial infections may be promoted by competitive changes in primary structure of Pg that diminish its reactivity with bacterial PAs. If this is true, there should be significantly greater sequence variation in the loop structures (3, 5, 6, 7, 9 , and 11) of plasmins that interact with SK than in the loop structures that do not (16) . Among 11 different animal Pgs, there was greater sequence diversity from human plasmin in loops that contact SK (mean identity 68 Ϯ 13%) than in loops that do not (mean identity 90 Ϯ 5%, P Ͻ 0.01). In contrast, this sequence diversity was not seen in comparable loop structures among different animal trypsins (mean identity 85 Ϯ 11% vs. 79 Ϯ 18%) or among different animal chymotrypsins (mean identity 77 Ϯ 8% vs. 84 Ϯ 13%), providing evidence that loop structures in PA that interact with SK are differentially targeted for greater sequence variation than other comparable loop structures.
Pathogenic Streptococcus sp. may be under coevolutionary pressures to produce SKs that retain function with evolving target Pgs (20) . SKs produced by pathogenic Streptococcus sp. that infect humans showed greater conservation at sites that have intermolecular contact with microplasmin in the activator complex than other positions (95% vs. 89%, P Ͻ 0.05). In contrast, SKs that activate other species Pgs showed minimal conservation at those sites when compared with SKs that activate human Pg (14% vs. 95%, P Ͻ 0.00001).
Taken together, these data suggest an evolutionary battle between animals and their bacterial pathogens for control of the PA system. Urokinase (an animal PA) has a conserved ability to cleave a wide spectrum of animal Pgs, whereas the ability of SK (a bacterial PA) has been markedly restricted. The conservation of urokinase-Pg interactions is consistent with the hypothesis that functionally important interacting partners coevolve, at sites of molecular contact, to retain biological activities that are important for survival (4) (5) (6) . It is also consistent with the notion that the species-restricted Pg activation of SK arises in part from alterations in the intermolecular complementarity between SK and the plasmin moiety in the activator complex, as well as between SK and the substrate Pg. Not surprisingly, among SKs derived from different strains of Streptococcus sp. that infect humans, there is a strong conservation of residues that form molecular contacts with plasmin in the activator complex. However, among SKs from streptococci that infect other animals and activate different species Pgs, the lack of conservation of these residues is remarkable. This may reflect a coevolutionary pressure on the SK genes to retain molecular complementarity and function with specific host animal Pgs in the face of a competitive evolutionary process in animals that increases survival by altering these Pg sequences to elude subversion by these bacterial pathogens. This interplay of coevolutionary and competitive evolutionary pressures is probably not unique to Streptococcus sp. but may also occur when other pathogenic organisms (e.g., HIV, Staphylococcus) produce molecules that seek to exploit other biological pathways (e.g., chemokine receptors and coagulation proteins) in animals to enhance their survival in the host (32) (33) (34) (35) . 
